Lake Geneva, the largest freshwater lake in Western Europe, is subject to important environmental pressures from its densely populated shores and watershed. To maintain and improve water quality in this lake, as well as in other enclosed or semi-enclosed basins, it is essential to understand and be able to predict how nutrients and pollutants are transported within it. A 3D numerical modeling study of Lagrangian transport in Lake Geneva is presented, showing the dispersion of water (based on tracking inert water particles) inflowing from the lake's main tributary, the Rhône River. The relation between dominant winds, circulation patterns, and transport was analyzed. The results demonstrated that transport within the lake is highly inhomogeneous in space and intermittent in time, because water mass movements are controlled by the wind-induced formation of large-scale gyres and their subsequent breakdown into smaller ones. Particle spreading was shown to be sensitive to the depth of the initial particle release, and to the mean depth of the particles' trajectory. However, several preferential pathways could be identified. Some water particles rapidly (days) traveled across the entire lake, through the near-shore region in the upper layer, while others remained trapped for months, particularly in the central region of the lake at depth. Deeper particles tended to remain longer in the lake, due to the insulating effect of stratification, bathymetry obstacles, and slower currents at greater depth.
Understanding how river inflow is transported within an enclosed or semi-enclosed water body is essential for effective water resource management. Dispersion pathways determine the fate of nutrients and pollutants carried by inflowing waters, affect water renewal, and can severely impact oxygen availability. Even in the presence of large inflows and outflows, water residence times can widely vary (Monsen et al. 2002) . In this paper, a numerical study of Lagrangian transport was carried out in Lake Geneva (local name: Lac Léman). Lake Geneva is the largest lake in Western Europe. It is located between Switzerland and France, and is surrounded by the Alps to the south and east, and by the Jura chain to the northwest. Lake Geneva has a surface area of approximately 580 km 2 , a major axis of 72 km and a maximum width of 14 km. The lake is composed of two basins: the narrow shallow Petit Lac to the west, and the wide deep Grand Lac to the east (Fig. 1 ).
The main river inflow is the Rhône River, entering at the lake's eastern end with a mean inflow rate of 182 m ; see Fig. 1 ) at the western end of the lake is controlled with a gate that maintains the lake level nearly constant. Smaller rivers and precipitation contribute the difference between the Rhône River inflow and outflow. The maximum depth of the lake is 309 m and the mean depth is 172 m, with a total volume of approximately 89 km 3 . This large volume and relatively small river throughflow lead to a long flushing time (also referred to as "theoretical residence time" in the literature) of approximately 11 yr (CIPEL 2017) , with the flushing time being the ratio of mean volume to outflow (Monsen et al. 2002) . Temperature gradients maintain vertical density stratification yearround, with occasional deep mixing during particularly cold winters. Coriolis force effects are important in the momentum balance; The inertial period at the latitude of Lake Geneva is approximately 16.5 h.
Water circulation in Lake Geneva is mainly forced by wind. The strongest winds are the "Vent," coming from the southwest, and the "Bise," coming from the northeast (Fig. 1) . The spatial variability of wind above the lake is mainly determined *Correspondence: andrea.cimatoribus@epfl.ch
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by topography, with the eastern end of the lake being more sheltered (Lemmin and D'Adamo 1997) . The large-scale response of the lake to wind forcing was previously described as a combination of Kelvin and near-inertial standing internal waves (Bauer et al. 1981; Bäuerle 1985; Lemmin et al. 2005) . Dominant internal Kelvin modes were identified at periods of 80, 55, and 33 h, while near-inertial and Poincaré modes were observed at periods shorter than the inertial one (16.5 h).
The Lake Geneva region hosts a population of over 1 million and major agricultural and industrial activities that all depend on the lake as an essential freshwater resource (CIPEL 2017). As the main river inflow, the Rhône River, is the strongest driver of water renewal in the basin, tracking the dispersion of its water within the lake is important for effective lake water management. The Rhône River inflow is also a significant contributor to the sediment input into the lake (Giovanoli 1990; Loizeau et al. 2012) . Its plume can sink directly to the bottom during short, episodic high-discharge events (underflow), when the river brings in the largest load of solid material. More common are interflows, which carry only finer sediments, when the river plume is not sufficiently dense to reach the bottom. Interflows detach from the bottom at the neutral buoyancy depth, most often around the thermocline level. The interflow is subsequently transported by the general lake circulation and its signature can be identified in the water column from conductivity-temperature-depth profiling (Ishiguro 2004) , as well as in the sediments (Dominik et al. 1983; Vernet and Viel 1984; Giovanoli 1990; Loizeau et al. 2017 ) for tens of kilometers from the river mouth. These studies indicate that the Rhône River plume is most often detected along the northern shore, due to the Coriolis force effect on the interflow. Loizeau (pers. comm.) observed that the fine particles that characterize the sediments of Rhône River origin are more abundant along the northern near-shore region than in the rest of the lake.
By measuring the stable hydrogen and oxygen isotope composition of the water, Halder et al. (2013) inferred the fraction of water originating from the Rhône River throughout the lake. The Rhône River water signature was stronger in summer and was located just above the thermocline (roughly 20 m depth), consistent with the spreading as an interflow. Their results also suggested that mixing of the river water is slow in the interflow. Furthermore, they implied that a water parcel could move from the Rhône River mouth to the Petit Lac (50 km) in less than about 5 months during spring and summer, identifying an upper limit for the minimum residence time between the Rhône River mouth and the Petit Lac. Here, "residence time" indicates the time it takes for a water parcel to travel from its initial position to a given area (Monsen et al. 2002) . Mercanton (1932) traced the trajectories of freely drifting fishing nets and observed that they often followed shoreparallel trajectories when released not too far from the shore. Occasionally, however, they moved into the central region of the lake and even crossed the lake within one night. As will be shown below, these patterns relate to the dynamics of shoreparallel currents in the near-shore region and large-scale gyres in the central region of the lake. Umlauf and Lemmin (2005) demonstrated the importance of wind-excited Kelvin waves for driving exchanges between the Petit Lac and Grand Lac and showed that both Vent and Bise winds are capable of triggering the exchange of large portions of the hypolimnetic waters of these basins, on time scales of a few days. Other studies examined the spreading of pollutants from a water treatment outfall located in a bay in the northern part of Lake Geneva 25, 50, 100, 150, 200 , and 300 m (yellow: shallow waters; green: deep). The topographic elevation of the surrounding areas is shaded (lighter: higher). Locations of the Rhône River inflow and outflow, and the two largest cities, Lausanne and Geneva, are indicated. The trajectory of a particle from the summer simulation SG is overlaid (black line), with start (blue dot) and end points (red dot). The red cross marks the SHL2 field station, in the deepest part of the lake. The circular upper left inset gives the mean wind speed (in m s −1 ) over the lake as a function of the direction; winds from the northeast (Bise) and southwest (Vent) are relatively more frequent. (b) Snapshot from simulation YG on 08 February 2016 at 12:30. The position of the particles that were released up to this time at a depth of 20 m is shown, colored according to their age (see color bar). (Goldscheider et al. 2007; Bonvin et al. 2011; Razmi et al. 2014) . They concluded that pollutant dispersion is sensitive to local wind and mean flow conditions, and that water recirculation within the bay can prevent the spreading of pollutants for up to several days.
Here, Lagrangian transport in Lake Geneva is investigated numerically by tracking the three-dimensional (3D) Lagrangian motion of particles that have neither mass nor volume. Therefore, they do not affect water density and are passively advected by the velocity field obtained with a hydrodynamic model of the whole lake . These numerical particles can be seen as markers of individual water parcels. In the field, comparable information could be obtained by following the mean trajectory of a patch of water marked with a tracer. Our focus was on water originating from the Rhône River. It should be noted that realistically representing the near-field dynamics of the river entering the lake within a numerical model is a challenging effort, and doing so within a basin-scale model is computationally impossible. For this reason, we instead investigated how transport properties depend on the initial depth of release near the river mouth. Studying the dispersion of passive tracers within the flow field computed by the hydrodynamic model would provide a largely equivalent perspective on transport in the lake. However, concentrating on particles allowed investigating age and residence time, which in turn highlighted preferred passageways and relatively stagnant regions of the lake. Furthermore, the use of particles avoids the need to calibrate a turbulence model for tracers, which would currently be infeasible due to the lack of field data.
The paper is organized as follows. The Methods section describes the 3D hydrodynamic numerical model, the particletracking algorithm, and the data analysis methods used. In the Results section, hydrodynamic model results are analyzed to determine residence time and age distribution, as well as the effects of wind forcing on the trajectories. The Discussion and conclusions section then follows. As a visual complement, the Supporting Information (SI) includes three animations obtained from the particle simulations.
Methods
In this section, the numerical modeling tools applied in this study are presented. A 3D hydrodynamic model was used to compute the velocity field, which served as the basis for the particle tracking simulations.
Hydrodynamic model
The hydrodynamic model is based on the MITgcm code (Marshall et al. 1997) , which solves the 3D Boussinesq, hydrostatic Navier-Stokes equations, including the Coriolis force. The 3D temperature field evolution was predicted by the model; salinity was kept constant at 0.05 psu. Realistic surface forcing fields (wind, atmospheric temperature and humidity, and solar radiation) were obtained by interpolating results of the COnsortium for Small-scale MOdeling (COSMO) atmospheric model of MeteoSwiss (Voudouri et al. 2017) .
A description of the model configuration and validation was provided by Cimatoribus et al. (2018) , based on Dorostkar et al. (2010) and Hill et al. (2012) . A horizontal curvilinear grid with resolution of 173 m to 260 m was used and 35 depth layers in the vertical, with layer thickness ranging from 0.5 m at the surface to approximately 30 m in the deepest layer. The model was initialized from rest on 12 November 2013 at 12:00 (local time), with a horizontally uniform temperature profile as the initial condition, based on an observed profile collected on that date. The forward time integration used a time step of 20 s. Bottom friction was implemented as the frictional stress τ B = C D ρkuku, with ρ the water density, u the velocity vector, and kuk its magnitude. The drag coefficient C D was set to 0.003 (Bouffard and Lemmin 2013) . On the side boundaries, a free-slip condition was used. Vertical mixing was computed by the simple one-equation turbulence closure of Gaspar et al. (1990) . Tests using a single column configuration and field observations at the SHL2 station ( Fig. 1) showed that the parameter values from Gaspar et al. (1990) were appropriate when combined with an increased diffusivity under unstable stratification (0.02 m 2 s −1 ) to better model surface convection. Vertical stratification was found to be sensitive mainly to the background diffusivity, which was set to the molecular value based on similar single-column tests. As demonstrated by Cimatoribus et al. (2018) , the model realistically reproduced the stratification, mean flow, and internal seiche variability observed in the lake. As an example, in Fig. 2 , temperature profiles observed on four different dates at station SHL2 (deepest point in the lake, red cross in Fig. 1a ) are compared to those from the hydrodynamic model. The model reproduced the observed stratification throughout the year, without long-term drift after two years of simulation. A detailed validation of the model, based on both temperature and velocity measurements, was presented in the supplementary information of Cimatoribus et al. (2018) . The model's main weak point is a tendency to underestimate velocity variability at periods shorter than approximately 10 h, due to the limited resolution of the model grid and of the forcing fields. Snapshots of the three components of velocity at each grid point were stored every 0.5 h from 12 December 2015 at 12:30 to the end of 2016. These velocity fields were used for the particle tracking simulations and are referred hereinafter as the "hydrodynamic simulation."
Particle tracking
For particle tracking, the method described by Döös et al. (2013) was followed, as summarized in SI Appendix A. In this approach, particle trajectories, i.e., streamlines, were computed from the velocity field obtained with the hydrodynamic model, with linear interpolation of velocity in space (between model grid points) and in time (between flow snapshots). In order to obtain convergence, the method used a time iteration, with 1000 intermediate time steps between two flow snapshots. No diffusion (e.g., by some random displacement) of the particles was allowed, as we focused on the deterministic advection by the flow resolved in the hydrodynamic model, and not on smaller-scale turbulent mixing. The algorithm was implemented by Cimatoribus (2018) using the Python language, translating and modifying the original Fortran code of Döös et al. (2013) to run on multiple processors, and accept the output format of MITgcm. Our code was tested by reproducing the analytical results discussed by Döös et al. (2013) . Furthermore, it was confirmed that the results of the particle tracking were not sensitive to the choice of using flow field snapshots at 0.5 h intervals. This was also supported by the fact that the hydrodynamic model is known to have limited variability at this short time scale ). An important feature of the tracking method employed in this study is that it conserves the volume, i.e., the no-flow side and bottom boundary conditions are respected by the computed trajectories, and no particles are lost from the basin.
Based on the velocity fields computed for 2016 by the hydrodynamic model, two series, G and P, consisting of three particle-tracking simulations each, are analyzed hereinafter (Table 1 ). In the analysis, a particle was no longer considered once it exited the simulation domain. The two series differed in the extent of the simulation domain. In series G, particles exited the domain if they reached the solid red line near the western end of the Petit Lac (near Geneva; Fig. 3a) . Particles did not outflow through the gate, because the model cannot capture the dynamics therein. In series P, a particle trajectory was terminated if it reached the Petit Lac entrance at any depth (see solid red line at the confluence between the Petit Lac and Grand Lac in Fig. 3a) . Two removal lines were chosen to investigate differences and similarities in transport between the two basins. In each of the two series, G and P, one simulation covered the entire period of the hydrodynamic simulation, from 12 December 2015 at 12:30 to the end of 2016 (simulations YG and YP, where Y stands for yearlong). The other two particle tracking simulations in each series explored the annual stratification cycle (Fig. 2) . The first one covered the winter (W) period from 01 January to 31 March 2016 (simulations WG and WP) , to study the weakly stratified dynamics, and the second one covered the summer (S) period from In all simulations, particles were released at the eastern end of the lake, within 1 km of the plunge point of the Rhône River ( Fig. 3a) at nine different depths (5, 10, 15, 20, 25, 30, 50, 55, and 60 m) . In the yearlong simulations, 33 particles were released every 4 h at each depth during the entire simulation, resulting in a total of approximately 700,000 particles. For each depth level, the initial conditions {x 0 } were normally distributed horizontally, with a standard deviation of 100 m. Release points are marked by red dots that overlap at the scale used in Fig. 3a . An example of a computed trajectory from simulation SG is shown in Fig. 1a . The trajectory highlights the periods of smooth bathymetry-following motion, alternating with highly convoluted oscillations. At the end of the SG simulation, the particle was in the central region of the lake, even though it had previously almost reached the western end of the basin.
For these yearlong simulations, Fig. 4 provides the time series of the total number of particles released (n, equal in the two series). It also indicates the number of particles that were removed from the simulation domain in the two series because they had reached the western end of the lake (n e, G ) or the Petit Lac (n e, P ). Furthermore, the number of active particles in the computation is shown (n − n e, G and n − n e, P ). A small fraction of particles exit the domain from the surface due to evaporation and neglecting motions of the free surface and are not considered here.
In each of the winter (W) and summer (S) simulations, 30,000 particles were released at each depth as in the yearlong simulations. Horizontally, the initial conditions were again normally distributed with a standard deviation of 100 m, centered outside the Rhône River mouth. All particles were released at the same time in a single batch at the beginning of each of these seasonal simulations. This allowed following the evolution of a particle cloud with better statistics than in the yearlong simulation.
Residence time and dispersion
During the yearlong simulations, a small number of particles were continually released to study age and residence time. The age of the i-th particle, α i , is the time elapsed since its release; it is defined as long as a particle is inside the simulation domain. When the particle exits the domain, its age is the residence time, τ i , i.e., the time taken by a particle to reach a removal line from its release point.
To visualize how the residence time is related to the path that a particle follows in the lake (Fig. 1a) , we proceeded as follows: the residence time τ i was assigned to the points along the horizontal trajectory of the i-th particle. All trajectories in a given simulation were binned in space, using the The release location is marked by a red dot at the eastern end of the lake. (b) Latitude-depth transect, along the dashed red line in (a). Particles within 1 km from the red dashed line of (a) are included, thus some particles appear to be below the lake bottom (gray shading), which refers to the center of the red transect. The age of the particles is given by the color bar in (b).
Fig. 4.
Time series of the total number of particles released (n), and of the number of particles that exited the simulation domain (n e ), in the yearlong simulations. The horizontal axis marks every other month, from January 2016 to January 2017. The subscripts G and P of n e refer to the two simulation series ( Table 1 ). The number of active particles n − n e is also shown.
hydrodynamic model grid. For each bin, the mean residence time, τ, and its standard deviation, σ τ , were computed from the values τ i found within that bin. For the winter simulations, all release depths were taken together (5-60 m), as trajectories tend to be more 3D in the presence of a weak stratification. For the summer simulations, two different depth ranges of release were considered separately (5-15 m and 20-30 m), as vertical motions were limited by the strong stratification (Fig. 2) . For the same reason, no particle released below 30 m exited the domain in the summer simulation. These two ranges distinguished the upper layer and thermocline layers, respectively.
For the winter and summer simulations, the dispersion of particles within the domain can also be discussed in terms of the evolution of the variance of a cloud of particles, i.e., the squared dispersion radius (LaCasce 2008) . This measures the relative dispersion with respect to the center of the particle patch. Both the horizontal and the vertical variances, indicated by R 2 h t ð Þ and R 2 v t ð Þ, respectively, will be shown. The time dependence in the notation will be omitted hereinafter. The overestimation of the variances due to vertical shear was minimized by computing R 2 h and R 2 v in vertical bins of 0.25 m, following Steinbuck et al. (2011) . Results were only mildly affected by this operation, mainly during the first month of the simulations. Variations at near-inertial frequencies were reduced the most after binning.
Empirical orthogonal functions
Empirical Orthogonal Functions (EOFs) of the flow field (e.g., Hannachi et al. 2007) were computed. This technique identifies dominant variability patterns, or coherent structures, in a space-and time-varying field. Focusing on the first two patterns, which contribute the largest fraction of the total variance, we were able to determine the relationship between the flow field, the dispersion of particles, and the wind forcing.
To compute the EOF, the horizontal flux was considered, i.e., the vertically integrated horizontal velocity (u h ):
where the integral is computed between the two (increasing) depths, z 0 and z 1 . Flux ϕ is a more relevant quantity than the vertically averaged velocity for understanding transport in the basin, and averaging u h within depth ranges of more than a few meters tends to produce comparatively large velocities near-shore. As we were only interested in slowly evolving large-scale features, the ϕ sampled at a time resolution of 2 h and at every other grid point on the hydrodynamic model was used. Areas in the vicinity of the Rhône River inflow and outflow were excluded from the analysis, to avoid including the discharge variability in the EOF. The coherent structures of the flow changed with time, in particular following the seasonal cycle, due to the different stratification and weather conditions. EOFs were thus computed separately for different periods during the year. Only the EOFs computed during summer are presented, using the hydrodynamic model results from 15 June to 15 September 2016, i.e., the same period as the summer particle tracking simulations (Table 1) . During winter, no relation between EOF modes and particle dispersion was found. During summer, circulation is strongly baroclinic, due to the strengthening of the thermocline. For this reason, the EOF of the flux was computed in depth ranges similar to those used in the residence time analysis (see Residence time and dispersion in the Results section), i.e., from 5 to 20 m, and from 20 to 30 m.
Results
From the single trajectory shown in Fig. 1a , some essential general characteristics of particle advection in Lake Geneva can already be inferred. The trajectory is highly convoluted, and extended unidirectional motion seldom occurs. The particle tends to move parallel to the isobaths, except at times when a change in the wind forcing causes an abrupt direction shift. When the particle enters the central region of the lake, it starts a series of circular motions, most likely related to inertial motions (Bauer et al. 1981) .
Figure 1b provides further insight by showing the position of particles released at a depth of 20 m in simulation YG, approximately 2 months after its start. Particles are colored according to their age. Older particles spread throughout the lake and were mixed rather uniformly from north to south, while a strong gradient persists in the east-west direction.
Younger particles cluster in well-defined patches, following to some extent the bathymetry, in particular along the northern shore. A predominantly anticlockwise circulation in the lake is consistent with the findings by Giovanoli (1990) and suggests a link to Kelvin waves (anticlockwise and shore intensified; Lemmin et al. 2005) .
More details of the particle trajectories are seen in the animations presented in the SI. Two distinct patterns emerge: one of "rapid transit" trajectories focused in narrow bands mainly along the near-shore zone, and one of slower more spread out particle motion in the central region of the lake that often follow large-scale gyres that cover most of the lake basin. Both patterns last up to several days, and can be reactivated when favorable winds over the lake become stronger, as indicated by the arrows in the animations. Most often, "rapid transit" trajectories that start from the Rhône River delta are confined to the near-shore region along the northern shore of the Grand Lac, due to the Coriolis force. The particles can travel long distances, occasionally passing into the Petit Lac and reaching the removal line near Geneva within a few days. "Rapid transit" trajectories may at times also follow the southern near-shore region. This orientation is forced by a gyre established in front of the Rhône River delta. However, these particles typically cross over to the northern shore between two gyres in the central region of the Grand Lac and then may either follow the right gyre and return eastward toward the Rhône River mouth or the left gyre and move westward along the shore. The large gyres are highly variable in time. They eventually break down into smaller gyres, causing the particles to spread over large portions of the central lake region, finally filling most of this area (Fig. 1b) . In the Petit Lac, particles frequently move toward the west along the northern shore almost to the end of the basin near the red line (Fig. 3a) and then back toward the east along the southern shore. A similar current pattern was reported by Betant and Perrenoud (1932) . This pattern may in part be due to the shallow depth (average 5 m) in the region to the west of the red line.
The strong spatiotemporal inhomogeneity of the dispersion process is evident in Fig. 3 showing horizontal (panel a) and vertical (panel b) snapshots of particle positions from the yearlong simulation, about 3 months after the beginning of the simulation. Approximately 170,000 particles are active at this time. Only those released at a depth of 20 m are plotted. Figure 3a indicates that the particle distribution is still far from uniform, with generally higher concentrations near the boundaries, and denser clusters irregularly located in the Grand Lac (main basin). Furthermore, the depth of the particles (color coding in panel a) indicates that the particles were vertically displaced in a somewhat chaotic fashion. These large vertical displacements are typical of wintertime conditions, with weak stratification and stronger wind forcing than in summer. In summer, particles are trapped at their depth of release by the effect of stratification (see animations in the SI). Figure 3b offers an equally complex view along a vertical section. Particles are found at deeper depths along the northern shore, and younger particles (color coding) are downwelling therein. Finally, only older particles reached the interior. Figure 4 shows the time series of the number of particles active in the yearlong simulations, YG and YP. It takes 1-2 months before the first particle exits the domain (red lines). It is somewhat unexpected that the time taken by the fastest particles to reach the western end of the lake (simulation YG) is not much longer than the time needed to reach the Petit Lac (simulation YP). The number of released particles (n) increases linearly in time, at the rate determined by the simulation setup. In contrast, the number of particles exiting the domain (n e, G , n e, P ) increases irregularly, as a result of the intertwined effect of the variable wind-driven flow and the particle distribution in the domain. Toward the end of the yearlong simulations, less than 10% of all particles that were released reached the western end of the lake (n e, G ), and approximately 50% reached the Petit Lac (n e, P ). The system is, in both simulations, far from any statistical steady state (the logarithmic scale of Fig. 4 is in this sense misleading). Extrapolation has limited value, but assuming a constant d 
Residence time and dispersion
Figure 5 presents histograms of residence times τ computed for all simulations. The black line, and the blue and green dots refer to the histograms of τ for the yearlong, winter, and summer simulations, respectively (upper panel series G, lower panel series P) without considering the different release depths of the particles. Residence times vary from several days to the full duration of the simulation. The τ distribution for the YG simulation (panel a) peaks at 60-100 d, while for YP, the peak is at shorter times (30-60 d), as expected. However, the right tails of these distributions are similar. This indicates that particles that remain trapped mainly recirculate in the Grand Lac basin.
More particles exited during summer than winter, as seen comparing the SG and WG simulations (Fig. 5a ). The estimates of the τ distributions in these two shorter simulations are rather noisy. However, the distribution is overall flatter in summer than in winter. During winter, longer residence times are relatively more frequent, because particles, even if they rapidly fill the basin at all depths, tend to recirculate horizontally within gyres (see animations in the SI).
The three remaining histograms in each panel of Fig. 5 (light blue, orange, and yellow) distinguish between particles released in three different depth ranges in the yearlong simulations. Histograms are all very broad, and nearly all sampled residence times are possible, even if not equally probable, regardless of the depth of release or simulation series. Fewer particles exit the simulation domains among those released at greater depths. Deeper particles move more in the vertical direction (Fig. 9) , due to weaker stratification at depth, but only those that upwell at least to the depth of the Petit Lac, approximately 50 m, can eventually leave the domain. The particles released in the upper layer (5 − 15 m) tend to travel faster than those released at greater depths, because velocities decrease with depth. Furthermore, the histograms of shallower released particles have greater positive skewness. While the peak of the distribution (70 d in YG, 30 d in YP) is determined by particles reaching the removal lines approximately at the depth where they were released, particles downwelling into the deep lake can remain trapped therein for much longer times.
The depth dependence of the residence time is seen in more detail in Fig. 6 , where τ from the YG and YP simulations is plotted as a function of depth. The mean residence time increases with both the depth of the initial release of particles (z 0 , circles), and with the mean depth of the particle trajectory (z, lines). The dependence of τ on z 0 and z is similar, but in YG, τ increases faster with respect to z than to z 0 , above 30 m. The shallow bathymetry of the Petit Lac hinders the westward transport of particles following deeper trajectories.
A more detailed analysis of dispersion in the winter and summer simulations allows understanding how seasonally varying conditions affect the residence times. Figure 7 assembles maps of the mean residence times along the particle trajectories using all trajectories from simulation WP (panel a) and SP (panels b and c). These maps provide an overview of how particle trajectories, following different pathways within the lake, tend, on average, to be associated with different residence times.
The mean residence time maps (τ, main panels) identify highly coherent "rapid transit pathways" in the lake. The rapid transit pathway mainly spans the southern half of the lake in WP (panel a), and in the SP upper layer (panel b). In the summer thermocline layer (panel c), the rapid transit pathway follows both the northern and southern shores in the eastern half of the Grand Lac. Further west, lower values of τ concentrate in the northern half of the basin. From the maps of the standard deviation of the residence time, σ τ , (insets) one can infer that the standard deviation is approximately proportional to the mean. This implies a broader τ distribution in areas associated with rapid transit pathways, i.e., these rapid pathways are intermittent, and slower trajectories overlap with them at different times. Figure 7 illustrates a preferential spreading route of the Rhône River interflow (panel c, the interflow spreads approximately at the thermocline depth) along the north shore and thus confirms the observations of Giovanoli (1990) . However, the results indicate that, during summer, thermocline waters can also exit the Rhône River mouth area along the southern shore, but only up to the central region of the Grand Lac. Further west, this "southern pathway" effectively disappears, suggesting that intense stirring takes place there. Also note that the area centered at approximately 525 km East, 135 km North represents a "transport barrier," with a local maximum of τ. These findings are confirmed by the distributions of the particle trajectories (i.e., the spatial distribution of the number of trajectories), with more trajectories where the residence time is shorter (not shown).
During winter and in the summer upper layer (panels a and b), the results are very different, and particle trajectories are more uniformly distributed in the basin (not shown). Faster trajectories follow a more southern pathway, with evidence of vortical motion in the eastern part, and of enhanced dispersion in the western part of the Grand Lac. Given the uniform trajectory distribution, we suggest that the shorter τ is associated in these cases with shorter paths, which particles follow during favorable wind conditions, further discussed below. Figure 8 presents results similar to those discussed earlier, but computed from simulations WG and SG. As already discussed, fewer particles reach the western end of the lake and at least 10 more days are needed to reach Geneva, on average, after entering the Petit Lac. Despite these differences, the patterns are similar to those of Fig. 7 and extend in the Petit Lac, even if less well defined. One can thus conclude that the transport within the Petit Lac is rather uniform, and does not follow any preferential trajectory. Furthermore, particles first Fig. 7 . Maps of the mean residence time τ (main panels) and standard deviation σ τ (insets) for simulations WP and SP (Table 1) . From top to bottom, the three panels refer to: (a) simulation WP, using particles released in the 5-60 m depth range, (b) simulation SP, using particles released in the 5-15 m depth range (upper layer), (c) simulation SP, using particles released in the 20-30 m depth range (thermocline/upper hypolimnion). The Swiss Coordinate System is used for the plots. 
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Lagrangian transport in Lake Geneva reaching the Petit Lac are also, on average, those that more rapidly reach the western end of the lake. We suggested above that internal seiches may play a role in particle transport in Lake Geneva. To test this hypothesis, the time evolution of the squared dispersion radius was analyzed, i.e., the variances of the particle positions (Fig. 9) . Results from SG and WG were considered, as the computation of the radius is only meaningful for a set of particles released together. Results for SP and WP were very similar and are thus not shown.
Dispersion is rather uniform in time, except for the deepest particles in winter (Fig. 10c,d) , which respond to strong persistent winds blowing around mid-January. Some regular large amplitude wave motion is apparent during winter in the vertical dispersion (panel d), at periods of approximately 3 d (probably related to Kelvin mode 1). Closer to the surface, horizontal dispersion is initially faster in summer than in winter, but particles eventually fill the entire basin in a shorter time during winter (saturation level of R 2 h in Fig. 9 , see also animations in SI). During summer, the thermocline (approximately 20 m depth) separates particles spreading horizontally more rapidly above, from those below (panel a). On the other hand, deep particles spread faster in the vertical (panel b), as the weaker stratification in the hypolimnion allows more vertical motions than above the thermocline. During winter, with weak stratification in the whole water column, the dominant effect is related to the decay of surface forcing with depth. This results in an initially faster dispersion of the particles released closer to the surface, in both the horizontal and vertical directions (panels c and d). After approximately 2 months, the effect of the release depth is effectively lost, due to the large vertical displacements experienced by the particles.
The uniform increase of the dispersion radius suggests a negligible influence from internal wave motions. Further insight is gained by inspecting the spectra of the R 2 h time series (Fig. 11) . During winter, spectra at different depths are alike, with only a minor peak at near-inertial periods, and possibly at 33 h for shallower released particles. The effect of longer Kelvin modes (mode 1) is thus not detectable in R 2 h , but only in R 2 v , as noted above. During summer, spectral estimates vary more with depth, and deeper spectra (below approximately 15 m) have some small peaks. The spectral estimates are noisy, but some consistent results can be identified. Below 15 m, peaks at super-inertial periods and at the Kelvin mode 3 period (33 h) are present. Particles in the upper layers have enhanced variability near the Kelvin mode 1 period (81 h). A peak at periods of 50-40 h is also seen for the three deepest spectra, but cannot be attributed to any known internal wave mode.
Furthermore, spectra reveal that time variability at periods shorter than approximately 100 h is more pronounced during summer than winter, with the exception of the three deepest curves. This is probably linked to the kinetic energy trapping effect of the summer thermocline. Overall, the analysis suggests that the effect of internal seiches is small, even if it can be identified. Slower motions, related with the mean response to wind forcing, are thus more likely driving dispersion in Lake Geneva.
Linking dispersion to flow and wind forcing
Figures 12 and 13 present the EOF of the flux computed in the depth ranges from 5 to 20 m and from 20 to 30 m, respectively, based on the summertime simulation SG. The fraction of the variance represented by each mode in the two depth ranges is given in Table 2 . The same analysis was carried out for the winter case, but it did not provide any additional insight concerning particle dispersion and is thus not shown. This seems to be due to the more rapid spreading of the particles throughout the basin during the winter (see Residence time and dispersion in the Results section).
In Fig. 12 , the first EOF mode in the summertime upper layer mainly consists of a flow from east to west, and from the southern to the northern shore in the central part of the basin. In the second mode, a two-gyre pattern, of unequal intensity, is apparent, anticlockwise in the eastern part of the lake and clockwise in the west. The western gyre partially enters the Petit Lac, even if recirculation within the Grand Lac is present. Some correlation could be established between ϕ (1) in Fig. 12 and the "rapid transit" pathway in the central panel of Figs. 7 and 8 , mainly in the eastern part of the lake. Such a link was not evident for the second mode. In terms of time coefficients (Fig. 12d) , the main component of the two modes
is excited approximately at the same time by the wind (Fig. 10) The results suggest a link between the "rapid transit" path and ϕ
(1) for the summertime upper layer. This can be tested by considering cross correlations between EOF modes, wind forcing and dispersion. The time series of the two horizontal wind components (blue and orange in Fig. 10b,d ) confirmed that the wind is mostly aligned along the southwest to northeast direction. As a representative "wind index," it was thus used the component of the wind along this direction, e u A , effectively an approximation of the first wind EOF (Fig. 10a,c) . It is positive or negative, respectively, when the Vent or Bise is blowing, and its magnitude is close to the (mean) wind speed. As a measure of dispersion, the time increments of R 2 h were considered, written as ΔR 2 h , and averaged in the relevant depth range. Increments were used, rather than the time series itself, to reduce nonstationarity (e.g., Percival and Walden 1993) .
The lagged cross correlation was computed between the EOF coefficients c peak is seen at 9 h; despite its uncertain statistical significance, a careful comparison of the time series confirms this more rapid, but weaker response of c 2 ð Þ
.
The sequence of events in the summer upper layer can be summarized as follows. The EOF mode 2 is weakly excited by the wind after less than 12 h, ϕ
(1) peaks after less than 24 h, and finally ϕ (2) gains more energy, with a reversed pattern with respect to the initial response. The sequence is similar for the two wind directions, with flow patterns having reversed signs. In terms of dispersion, the link with the EOF modes is weaker.
However, cross correlations indicate that a positive c 1 ð Þ 1 tends to enhance dispersion at first, and to limit it after approximately 48 h. This means that the Vent (positive e u A ) tends to enhance dispersion after approximately 12 h from its onset, and reduces it later on. The opposite is true for the Bise (negative e u A ), which reduces dispersion at first, and enhances it afterward. Considering the ϕ (1) pattern in Fig. 12 , it is obvious that a positive c 1 ð Þ 1 determines westward advection in the upper layer that enhances the dispersion of the particle patch originating from the Rhône River mouth area. For EOF mode 2, the link to dispersion was less evident. The negative lag of the peak in γ c A similar analysis was carried out in the thermocline layer, 20-30 m depth, again for the summer simulation. In this case, the first EOF mode (Fig. 13) captures part of the nearinertial response to wind forcing, as demonstrated by spectral analysis, and the lagged correlation γ e u A , c
which peaks first at near-inertial periods. However, a longer term response is included in ϕ (1) , responding to the wind (with opposite sign) on time scales between 36 and 48 h. The EOF pattern ϕ (1) is composed of two near-shore westward parallel currents, which most likely correspond to a displacement of the thermocline along the major axis of the lake. Despite the clear spectral signature of near-inertial waves, the Poincaré mode computed by Lemmin et al. (2005) is not evident in Fig. 13 . The difficulty in recognizing theoretically predicted physical modes in EOFs is a well-known and unavoidable limitation of the decomposition method. In the present case, longer time-scale motions dominated in the spectrum, i.e., they induced larger variations that dominate the EOF pattern of ϕ
. The EOF mode 2 pattern in this deeper layer is a double gyre located mainly in the Grand Lac, somewhat similar to the one in the upper layer, but with reversed direction. The cross correlation γ e u A , c is captured, with a lag of approximately 60 h (Fig. 14c ). This implies a larger ΔR 
Age distribution
Using the yearlong simulation (YG), the age distribution in the lake was investigated. Figure 15 summarizes the evolution of the Probability Density Function (PDF) of age (α) and residence time (τ), obtained from the YG simulation. The PDF was computed from the histogram of the data; the number of bins was based on Doane's formula (Doane 1976) , but the results were not sensitive to this choice. The two distributions broaden as the simulation progresses and new particles are continuously released. The two distributions, however, do not evolve in the same way, as is more clearly seen from their ratio (upper panels), often referred to as the age function (e.g., Benettin et al. 2013) . At earlier times (Fig. 15a,b) , the domain was not yet filled by the particles released in the east (Fig. 1b) , and the right tail of the residence time PDF is fatter than that of the age (τ/α > 1). Older particles preferentially reach the removal line, simply because they had more time to actually arrive there. Later on (panels c and d), however, the ratio between τ and α in the right tail becomes smaller than unity. This means that older particles were more likely than younger ones to remain in the basin at this time, as also was the case when summer stratification was eroded during fall (panels e and f ). We suggest that this partial "trapping" effect is persistent rather than seasonal. However, it can be seen in Fig. 15 that the values at which τ/α < 1 increase with time, meaning that the trapping is effective only for the oldest particles still in the domain.
To understand how this trapping is related to the spatial distribution of particles, reference should be made to Fig. 16 , where two maps of the mean age (α) of particles at the end of (Fig. 8) because the spatial binning used to compute α only considered the final position of each active particle, and not the entire trajectory (thus, larger spatial bins were used). In the upper layer (Fig. 16a) , the age decreased from west to east, approaching the particle release area. On top of this small background trend, patches of young particles were present in the eastern part of the lake, closer to the northern shore. This is a further demonstration of the intermittent nature of particle advection, and it is consistent with the above shown preference for westward advection along the northern shore. In the central region of the Grand Lac, an area with a slightly higher mean age was seen. Deeper in the lake (Fig. 16b) , older particles were found in the center of the Grand Lac, and became the dominant feature on the map. Figure 16 strongly suggests that particles can remain trapped in the central deeper part of the Grand Lac, even if they continue to move, recirculating in this area. Furthermore, fewer particles were overall present in this region (not shown), indicating that transport from and toward this region was hindered. The persistent vortical flow in this part of the lake (see animations in SI) seems to act as an effective barrier to transport. The existence of such barriers is not unusual in lakes or other geophysical flows (e.g., Chen et al. 2002) .
Discussion and conclusions
Our results shed new light on transport processes in Lake Geneva, in particular documenting the large spatiotemporal variability of transport. Even when relatively simple spatial particle patterns were observed, these may in fact result from the accumulation of particles having different ages (Fig. 3b) . The existence of relatively well-defined rapid transit paths and of trapping regions provided further confirmation of the inhomogeneity of transport in the lake. For these reasons, care should be taken when using spatial distributions of sediments or stable isotopes in the lake to infer more general transport dynamics, e.g., relevant for reactive species or biological activity. Sediments and stable isotopes carry no information on residence time in the lake, and thus could hide an important part of the transport variability. This has practical implications, as the rapid transport of highly localized patches of, e.g., a pollutant could have an entirely different ecological impact than a more uniform dispersion. The same holds true if a pollutant remains trapped for a long time in the central, deep region of the lake.
The relationship of particle dispersion with wind forcing and lake currents was described, but the strong variability of forcing and currents prevents a complete explanation in terms of only a few flow EOF modes. On the other hand, changes in stratification strongly affected the dispersion dynamics, thus enabling the prediction of the average dispersion behavior for different seasons. In particular, strong summer stratification limits vertical displacements, shielding the deep lake from the surface forcing, enhancing at the same time variability of dispersion in the upper layer (Figs. 9 and 11 ). For example, in order to exit the lake, a water parcel must upwell to the surface layer. An increase in stratification due to warmer summer or milder winter conditions may thus lead to a further slowdown of water renewal at depth.
Although not dominant, the importance of the lake's internal wave modes for transport could be identified (mainly from Fig. 11 ). Stocker and Imberger (2003) demonstrated that dispersion by internal seiches is mainly a reversible process, as confirmed here by the fact that the near-inertial peak of the squared radius spectra was reduced when applying the method described in Steinbuck et al. (2011) (see Residence time and dispersion in the Methods section). The time evolution of the squared radius suggests that Kelvin waves play a non-negligible role for particle dispersion, even though Cimatoribus et al. (2018) found that they are not important in the mean energy balance of the near-shore region. The shorehugging nature of the EOF mode patterns (similar to the "rapid transit" paths in Fig. 8 ) and the spectral distribution of the EOF time coefficients further support the importance of Kelvin modes for transport. It is in the 20-30 m depth range, where Kelvin waves are expected to have their maximum amplitude, that their spectral signature was most clearly identified in the particle dispersion (Fig. 11a ). This agrees with the results of Umlauf and Lemmin (2005) , although the importance of Kelvin waves for the exchange of deep water between the Grand Lac and the Petit Lac was not discussed in detail here.
The simulations presented cannot provide complete answers about the water renewal mechanism in Lake Geneva, in particular concerning the trapping of particles (i.e., of water) at depth in the central region of the lake (see Age distribution in the Results section). In this context, one must also consider the occurrence of infrequent winter mixing events (full-depth overturning), due to shear (wind forcing) and/or convection (cooling). As noted in the Introduction, the nearshore variability of the Rhône River inflow, which can lead to gravity currents reaching great depths, is an additional uncertainty element that deserves future attention. Although these processes were not examined in detail, the strong wind event on 15 January 2016, which caused a sudden increase in R 2 v of deeper particles (Fig. 9, winter) , confirmed the importance of wintertime storms for dispersion of particles at greater depth.
Furthermore, mixing at scales unresolved by the hydrodynamic grid used in this study, O 200 m ð Þ horizontally, could enhance dispersion in both horizontal and vertical directions. It is unlikely that such mixing can substantially reduce the spatial inhomogeneity of transport on time scales of days or weeks, but may reduce the trapping of water, particles or compounds over longer periods. However, shear-induced mixing is expected to be small at depth, where particle trapping was observed. The extension of the simulations to longer time scales, e.g., several years, is also of clear interest in this context. Halder et al. (2013) suggested that water from the Rhône River can reach the Petit Lac in about 5 months (or less). Our results indicated that shorter residence times (in the Grand Lac) are actually more frequent, not only near the surface, but also within the thermocline layer where the interflow is located (Fig. 5b, red line) .
From a water management point of view, this study made evident two important elements. First, we demonstrated that transport in Lake Geneva is far from being a homogeneous smooth process. Therefore, contaminants/pollutants from a point source will most likely spread in an inhomogeneous and intermittent manner, at least before small-scale turbulent diffusion (neglected in our particle tracking simulations) smooths the horizontal gradients (days to weeks). This, in turn, hinders predicting with precision how a pollutant patch will spread, and thus measurements taken at a single station will not provide reliable information about the mean concentration of a recently released tracer. Second, our results visually captured the existence of preferred transport pathways in Lake Geneva, mainly located along the northern shore. Pollutants or other tracers from the Rhône River will rapidly first reach and then leave these areas of enhanced water renewal. The deep central part of the Grand Lac and, to a lesser extent, its southwestern portion are, on the other hand, relatively isolated from the rest of the lake. Therefore, mixing with the Rhône River waters and with other runoff water is slower there. As a result, these areas risk developing into potential hot spots for the accumulation of persistent pollutants and for deoxygenation.
This study provided the first detailed numerical characterization of dispersion dynamics in Lake Geneva, focusing on the east-to-west transport and on intra-annual time scales. We encourage the experimental verification of the predictions discussed in this paper. Specifically, the field verification of the spatial links between age and residence time distributions would provide an important validation of this study, and in general contribute to the development of effective lake water management concepts. For this purpose, the analysis of diluted tracers, released upstream in the Rhône River, would probably offer the most interesting insights, but would imply at the same time an important observational effort (frequent monitoring at several locations in the lake). The use of drogues tracked by GPS would permit a simpler alternative to perform more localized studies. We hope that this work will motivate further attention on these aspects, and contribute to a better understanding of transport processes in Lake Geneva and similar water basins.
